INTRODUCTION
The development of T cells occurs in the thymus, with thymocytes undergoing phenotypic changes and acquiring their repertoire for the antigen-specific Tcell receptor (TcR; Blackman et al., 1988) during their migration through this organ. The TcR are generated by random genetic rearrangements/recombinations of V, D, and J elements, which, together with junctional diversity and novel insertions or deletion of bases at their V-D or D-J junctions, give rise to up to 10 9 V-D-J genes in mice (Marrack and Kappler, 1986; .
In the periphery, the resulting TcR interact with antigen-derived peptides presented by self-MHC on target cells. Due to the random mechanism by which they arise, however, it is possible that many of these TcR do not recognize the (antigen-presenting) self-MHC molecules or that they are autoreactive. These would be useless or even deleterious. Thus, developing thymocytes must be "educated," such that they are selected according to the specificity and affinity of the TcR that they express. This education involves deletion of autoreactive cells (negative selection), and "major histocompatibility complex (MHC) restriction" (i.e., selection of thymocytes able to recognize self-MHC molecules, called positive selection), and relies on the concept that whereas receptor-antigen binding might cause T-cell activation in the periphery, a similar interaction in the thymus may cause thymocyte death. Much regarding these selective processes remains unclarified, despite a vast cohort of research (reviewed by Fink and Bevan, 1995; Jameson et al., 1995; Anderson et al., 1996; Guidos, 1996) .
POSITIVE SELECTION
The first indication of self-MHC restriction came from Zinkernagel and Doherty (1975) , who discovered that virus-specific CD8 T cells were unable to kill allogeneic virus-infected targets. The issue was then addressed using radiation-induced bone-marrow (Bevan, 1977; Fink and Bevan, 1978; Zinkernagel et al., 1978) . For instance, after using H- (Benoist and Mathis, 1989; Cosgrove et al., 1992; Laufer et al., 1996) support the view that it is the cortical epithelium that is responsible for positive selection.
Reaggregation assays have since shown that whereas fibroblasts are needed for DN to DP maturation, the cortical epithelium is necessary and sufficient for progress from DP to SP thymocytes (Anderson et al., 1993) . The mechanism of epithelial cell action remains unclear, although the fact that 1-ethyl-1-3-(3'dimethyl-aminopropyl)carbodiimide (ECDI)-fixed class II epithelial cells were effective in reaggregation assays suggests involvement of cellsurface molecules/surface-bound molecules, providing survival messages from apoptotic "death by neglect" (von Boehmer et al., 1989; Anderson et al., 1994) . The inability of cortical epithelial cells to provide a second signal due to lacking molecules such as B7 might also be significant (Lorenz and Allen, 1989; Jenkinson et al., 1994) .
Although the "point" at which T cells express TcR (i.e., CD4+8+TcRlw) might be thought to be the step at which positive selection occurs, it now seems that positive selection is a multistage phenomenon. The first step involves maturation of the TcR lw subset to a DP TcR high subpopulation following interaction with the environment. Thus, DP TcR high cells are not found in TcR transgenic animals of nonselecting haplotypes whereas their DP TcR lw precursors are (Ohashi et al., 1990; Swat et al., 1992 (Chan et al., 1993; Crumpet al., 1993; Davis et al., 1993; van Meerwijk and Germain, 1993; Chan et al., 1994; Corbella et al., 1994; Pircher et al., 1994; Lundberg et al., 1995 Fink and Bevan, 1995) . Nevertheless, it is interesting to note that in vitro, Merkenschlager has shown that during positive selection, each thymocyte only interacts once with the stromal cell (Merkenschlager, 1996 (Lucas and Germain, 1996) . Despite these various models for lineage commitment, the molecular mechanisms by which the coreceptors affect development remain unclear, although elegant transgenic studies using a hybrid protein composed of a CD8 extracellular/transmembrane domain and a CD4 intracellular domain clearly suggest that the CD4 cytoplasmic tail, which is known to interact with the tyrosine kinase Lck, favors the development of CD4 lineage T cells (Itano et al., 1996) .
NEGATIVE SELECTION
The first indication of tolerization to self-Ags had come from Owen (1945) , who found that dizygotic (nonidentical) cattle twins were tolerant of each others blood, suggesting ontogenic tolerance was taking place. Since then, many others have shown that thymocytes are selected so that they are not autoreactive (Sprent et al., 1975; Jenkinson et al., 1985) . There are three possibilities for tolerance induction: T cells must be (1) clonally deleted, (2) .
These and other data suggested that the deletion takes place between DP and SP stages, and by using transgenic techniques to express I-E in selected thymic compartments, it was shown that this negative selection occurs in the medulla or the C-M junction (Fowlkes et al., 1988) , although in other models, it can occur in either the cortex or the medulla according to the experimental situationmperhaps reflecting the location/quantity of deleting antigen (Pircher et al., 1989; Wack et al., 1996) . By using dGuo-treated chimeric thymuses, it was noted that tolerance was only induced to the same MHC as the donor stem cells (and not to that of the thymic epithelium). Together with other studies, this suggested that MHC class II bone-marrow-derived cells, such as DCs and macrophages, mediate deletion (Sprent et al., 1975; Jenkinson et al., 1985; . It is believed that these bone-marrow-derived cells present self-Ags to the developing thymocytes, and that thymocytes that recognize the Ag are then deleted by apoptosis.
Some evidence suggests that the positive selection/ epithelium and negative selection/bone-marrowderived cell link is not absolute, although the mechanism involved may differ with cell type (Bix and Raulet, 1992; Vandekerckhove et al., 1992; Elliott, 1993) . For instance, in vitro cell types, including immortalized cortical epithelium (Tanaka et al., 1993) (Volkmann and Stockinger, 1997) .
In the periphery, thymic negative selection is supported by T-cell anergy or ignorance, or mediated by functional "suppression" (as seen in Thl/Th2 cell cross-regulation) and "infectious tolerance"; a transplantation phenomenon where T cells from mice tolerized to grafts using anti-CD4 and CD8 mAbs are able to tolerize naive lymphocytes (Green and Webb, 1993; Qin et al., 1993; Abbas et al., 1996) ; these overcome problems of "leakiness" and of tolerization to nonthymic self-Ags.
THE THYMIC PARADOX
Processes of positive and negative selection present a paradox, whereby interaction with MHC/Ag can result in both positive selection (survival) and negative selection (death). Three main hypotheses have been put forward to account for this paradox:
The Altered Ligand Model This idea, suggested by Marrack and Kappler (1987) , postulates that MHC/peptide ligands found on thymic epithelium might differ from those found elsewhere. The hypothesis is based on the premise that mature T cells never reenter the thymus, where they then could be activated upon epithelium reencounter. Although there was some initial data suggesting a difference in antigen-processing capacity between thymic epithelium and other antigen-presenting cells, peptide elution studies (Marrack et al., 1993 (Ignatowicz et al., 1996) .
The Differential Avidity Model
This hypothesis proposes that thymocytes with low avidity for MHC/self-peptide are (positively) selected, whereas those interacting with high avidity are deleted. Thus, there is a "window" of avidity (which takes account of the combination of affinity and ligand density) that allows thymocyte survival . This window may shift with development, and the avidity of interaction will also reflect T-cell-receptor density, density of coreceptors, and density of MHC/peptide on the presenting thymic stromal cell. In general, it appears that thymocytes bearing TcR specific for a certain class I/peptide combination can be positively selected by low concentrations or analogs of peptides that would otherwise result in their death; for example, introduction of a CD8 transgene, analogous to an increase in TcR affinity, increases deletion (Robey et al., 1992; Allen, 1994; Ashton-Rickardt and Tonegawa, 1994; Hogquist et al., 1994; Sebzda et al., 1994; Ignatowicz et al., 1996) . In the context of "TcR affinity," it is also interesting to note that recent studies using biosensors to study kinetics of TcR/ ligand interactions demonstrate that the "window" of avidity resulting in positive selection is much lower than that for negative selection (Alam et al., 1996) .
The Qualitative Signal Model
This is the latest of the three main models (Janeway et al., 1989; Mannie, 1991; Janeway, 1995) (Anderson et al., 1995 ), and at a molecular level, for instance, it appears that the mitogenactivated protein kinase (MAPK) is crucial to positive selection and is irrelevant for negative selection (Alberola-Ila et al., 1996) . Furthermore, positive selection of thymocytes in H-Y TcR was severely reduced in the presence of dominant negative p21ras, a molecule believed to relay tyrosine kinase-derived signals (Swan et al., 1995) .
Thus, it can be seen that there is much still to be learned about the processes of T-cell development.
The topics discussed here form the basis of much current work in the field of thymopoiesis; and the mechanisms, molecules, and microenvironmental conditions involved in selection remain the subject of considerable controversy.
